In Thailand, Dendrobium is the most popular crop grown for cut flowers and as a pot plant for local use and export. Some native species are used for hybrid production while some are specific to particular parts of the country and need to be conserved. The sequences of rDNA ITS (ITS1-5.8S-ITS2) and the matK gene were used to reconstruct the phylogenetic relationships of 27 native Dendrobium spp. in Thailand, which are composed of 9 sections: Breviflores, Callista, Dendrobium, Distichophyllum, Formosae, Pedilonum, Rhopalanthe, Stachyobium, and Strongyle. The average levels of nucleotide divergence (p-distances) of matK and rDNA ITS sequences were 1.3% and 11.2%, respectively. The topologies of the phylogenetic trees reconstructed based on matK and rDNA ITS sequences were slightly different. Use of the rDNA ITS sequence was shown to be a more authoritative systematic approach than use of the matK gene sequence in the genus Dendrobium. The result of the combined data (matK-rDNA ITS) was highly similar to the result from rDNA ITS. From rDNA ITS and combined data, the twenty-seven Dendrobium spp. were clearly grouped into two clades with some differences from the morphological classification. The present study provides the first molecular phylogeny of 27 native Dendrobium species in Thailand.
Introduction
With over 1000 species, Dendrobium is the second largest genus in Orchidaceae, inhabiting various geographical areas in tropical and subtropical Asia and the north of Australia (Leitch et al., 2009) . It is also one of the most popular orchids for commercial production of cut flowers and pot plants, the demand for both purposes has drastically increased over the years. Work on Dendrobium has mainly involved hybrid production and varietal improvement for greater economic value. Approximately 8000 novel Dendrobium hybrids have been bred through interspecific hybridization to develop novel flower traits (Lavarack et al., 2000) . In Thailand, Dendrobium is the largest orchid genus with more than opment of a more reliable approach to determine genetic relationships is necessary for the sustainable use and conservation of this plant group's genetic resources.
Ribosomal RNA gene (rDNA) is a gene cluster with a moderate copy number (500-40000 copies per plant) containing both conserved regions of genes (18S rDNA, 5.8S rDNA, and 26-28S rDNA) and variable regions of spacers comprising internal transcribed spacers (ITS1 and ITS2) and external transcribed spacer (ETS) . These regions are joined to become the basic unit (5'-ETS-18S-ITS1-5.8S-ITS2-26S-ETS-3'). The ITS sequences (ITS1 and ITS2) are highly variable, so they are suitable for evolutionary study at interspecific and intraspecific levels Hillis and Dixon, 1991; Saar and Polans, 2000; Tsai and Chou, 1999) .
Alternatively, the matK gene in the chloroplast genome is highly feasible for use in plant identification and classification. Even though the mutation rate of the plastid genome is slow relative to that of nuclear genomes, the matK gene is one of the most rapidly evolving coding regions in the plastid genome (Hilu and Liang, 1997) . Thus, the intra-and interspecific variation of the matK gene sequence is now being increasingly investigated for species identification and phylogeny. Moreover, analyses of sequences of both nuclear DNA and cpDNA could strongly support each other in plant identification, classification, and evolutionary studies (Chaw et al., 2005; Ren et al., 2010; van den Berg et al., 2005; Xiang et al., 2011) .
In Dendrobium, the molecular phylogeny of several species has been studied using nucleotide sequences of both rDNA ITS (Burke et al., 2008; Tsai et al., 2004; Yuan et al., 2009 ) and the matK gene (Yukawa et al., 2000) . However, the number of species included in each study was very limited owing to the range of species distributed in different regions (Australia, China and Taiwan) . Moreover, the result of molecular phylogenetic analyses of Dendrobium in China (Wang et al., 2009; Yuan et al., 2009) and Taiwan (Tsai et al., 2004) were not well supported by the morphological classification, leading to the suggestion of separating some species into a new genus in Taiwan (Tsai et al., 2004) . This suggests that molecular phylogeny is a valuable tool for supporting the classical taxonomy or for reclassification in some taxa.
In this study, the sequencing of rDNA ITS (ITS1-5.8S-ITS2) and the matK gene of 27 native Dendrobium spp. was conducted to reconstruct their phylogenetic relationships. Reconsideration of the current Dendrobium classification was also discussed.
Materials and Methods

Plant materials and DNA extraction
Twenty-seven native Dendrobium species were taken from the in vitro collection of the Laboratory of Biotechnology, Chulabhorn Research Institute (Bangkok, Thailand) (see Table 1 ). Each species was morphologically identified following Seidenfaden (1985) . The orchid Vanda hookeriana provided by Chitrapan Piluek, Kasetsart University (Bangkok, Thailand), was used as an outgroup. Total genomic DNA was extracted from the leaves as described previously (Dellaporta et al., 1983) , and kept at −80°C until use. The quality and concentration of DNA were measured by 1% agarose gel eletrophoresis and spectrophotometric analysis.
PCR amplification and sequencing
Amplification of part of the matK gene and an rDNA ITS fragment was carried out using the primers matKKUf (5'-ATATCCGCTACTCCTTCAGGAG-3') and matKKUr (5'-CGAGCCAAAGTTCTAGCACA CG-3') for the matK gene and OrRNA1 (5'-ATTGA ACCTTATCATTTAGAGG-3') and OrRNA2 (5'-GTA CTTGTTCGCTATCGGTC-3') for rDNA ITS. The primer for the matK gene was designed based on available nucleotide sequence data of the chloroplast matK gene from several plant species deposited at the National Center for Biotechnology Information (NCBI) database (http://www.ncbi.nlm.nih.gov/), while the primers of OrRNA were taken from Peyachoknagul et al. (2014) . Standard PCR reaction was performed using 1× PCR buffer, 2 mM MgCl 2 , 0.2 mM dNTPs, 0.25 μM specific primers, 0.50 U of Taq DNA polymerase (Invitrogen, Carlsbad, CA, USA), and 50 ng of genomic DNA in a final reaction volume of 20 μL. PCR cycling conditions involved initial denaturation at 94°C for 3 min; followed by 35 cycles of denaturation at 94°C for 30 s, primer annealing at 50-60°C for 30 s, and primer extension at 72°C for 1 min; and then postcycling extension at 72°C for 10 min. PCR products were examined by electrophoresis on 1% agarose gel, and the DNA fragments were subsequently extracted from the ethidium bromide-stained gel and purified using Gel/PCR DNA Fragment Extraction Kit (Geneaid, Taipei, Taiwan). The nucleotide sequences of the DNA fragments were determined by Macrogen Inc. (Seoul, South Korea). The nucleotide sequences from the primary sequencing results were used to search the homologies of rDNA ITS (ITS1-5.8S-ITS2) and the matK gene in the NCBI database using the BLASTx and BLASTn programs (http:// blast.ncbi.nlm.nih.gov/Blast.cgi), cut to the same size, and were deposited in the DNA Data Bank of Japan (http://www.ddbj.nig.ac.jp/index-e.html). The accession numbers are shown in Table 1 .
Nucleotide sequence and phylogenetic analyses
The nucleotide sequences of the matK gene and rDNA ITS of all Dendrobium specimens were aligned using the default parameters of Molecular Evolutionary Genetics Analysis 4 software (Center for Evolutionary Functional Genomics, The Biodesign Institute, Tempe, AZ, USA; Kumar et al., 2004) . Phylogenetic analysis 244 was conducted using separated and combined data sets of the matK gene, the rDNA ITS and the matK-rDNA ITS. All unalignable sites and gap-containing sites were removed carefully from these data sets. The base compositions for the matK and rDNA ITS nucleotide data sets were measured using PAUP* v. 4.0b10 (Swofford, 2002) . A Chi-square (χ 2 ) test of base heterogeneity was performed for the matK gene and rDNA ITS nucleotide sequence data sets, as implemented in PAUP*.
The amounts of phylogenetic signal and noise in the matK gene and rDNA ITS nucleotide sequence data sets were assessed by two different approaches. First, I ss statistics, a measure of substitution saturation in molecular phylogenetic data sets, were calculated with DAMBE (Xia and Xie, 2001) . Second, nucleotide saturation was graphically analyzed by plotting the total number of transitions (Ts) + transversions (Tv) against genetic distance values, which were based on alternative models implemented with Modeltest version 3.7 (Posada and Crandall, 1998) , using the programs MEGA4 and PAUP* v. 4.0b10. Additionally, sequence divergence among different species was estimated with MEGA4 using the uncorrected pairwise distances (p-distances).
The phylogenetic trees were reconstructed using two different methods: maximum likelihood (ML) and Bayesian inference (BI). The ML trees were generated with PHYML v.2.4.4 (Guindon and Gascuel, 2003) using non-parametric bootstrapping with 1000 pseudoreplicates. The corresponding best-fit evolutionary model and parameters indicated by Modeltest version 3.7 based on the Akaike Information Criterion (AIC) and PAUP* v. 4.0b10 were used. For BI analysis, MrBayes v3.0b4 (Huelsenbeck and Ronquist, 2001) was used with the same model and parameters as mentioned above. The Markov chain Monte Carlo (MCMC) process was set to run four chains simultaneously for one million generations. After the log-likelihood value reached stationarity, a sampling procedure was performed at every 100 generations to obtain 10000 trees and subsequently to provide a majority-rule consensus tree with averaged branch lengths. All sample points prior to reaching convergence were discarded as burnin, and the Bayesian posterior nodal relationship in the sampled tree population was shown in percentages.
Results
General properties of sequences
The individual matK gene and rDNA ITS nucleotide 
Vanda hookeriana AB972329 AB972357
Dendrobium species classification is based on Seidenfaden (1985) . sequence data sets, as well as a combined data set of the same species, were used to determine the phylogenetic relationships of 27 native Dendrobium spp. The total of 1146 bp of the matK gene data set was composed of 90 variable uninformative sites and 49 parsimonyinformative characters. The rDNA ITS sequence was composed of a partial sequence of 18S rDNA and a partial sequence of 26S rDNA at the two ends. The rDNA ITS data set included 925 aligned nucleotide positions consisting of 177 variable uninformative sites and 302 parsimony-informative sites. To mitigate the potentially misleading effects of heterogeneous base composition among taxa in the phylogenetic reconstruction, the nucleotide compositions of the two data sets were subsequently analyzed.
The results showed that each set of nucleotide frequencies were similar between the matK gene and rDNA ITS nucleotide sequence data sets in all Dendrobium spp. and there were also no statistically significant proportional differences (data not shown). Furthermore, all three (each individual and combined sequences) data sets had similar patterns of the total number of transitions + transversions against genetic distance (data not shown). The regression lines were not significantly different from straight lines, implying little saturation. Meanwhile, the results of the saturation tests based on I ss statistics did not indicate substantial saturation. I ss.c values were significantly higher than I ss values when calculated using DAMBE, suggesting that the level of saturation would not cause any problem in the three sequence data sets at the level of homoplasy.
Nucleotide sequence comparison of the matK gene and rDNA ITS
Partial matK gene fragments and rDNA ITS sequences of all Dendrobium spp. were compared, and the sequence divergences among different species are shown in Tables 2 and 3 
intrasection Dendrobium, and (3) intrasection Formosae. The average level of sequence divergence of (1), (2), and (3) were 11.2%, 9.1%, and 6.9%, respectively.
Cluster analysis from the matK gene and rDNA ITS sequences
To evaluate the phylogenetic relationships of 27 native Dendrobium spp., both BI and ML phylograms were reconstructed based on matK and rDNA ITS data sets. According to the matK phylogram, the 27 native Dendrobium species could be distinctively assorted into six clusters (Fig. 1) D. christyanum, D. cruentum, and D. virgineum) were grouped into cluster IV. Dendrobium albosanguineum (section Dendrobium) and D. infundibulum (section Formosae) were grouped together in cluster V, and the single species of section Stachyobium (D. compactum) was in cluster VI.
The topologies of the phylogenetic trees reconstructed based on the rDNA ITS (Fig. 2) and the combined data (matK-rDNA ITS) (Fig. 3) were very similar. The twenty-seven Dendrobium species were grouped into two clades. Fourteen Dendrobium species, which were classified into clusters II-VI of the matK gene phylogram, were located in clade I. However, D. infundibulum (section Formosae), which was closely related to D. albosanguineum (section Dendrobium) in group V of the matK gene phylogram, was clustered with many species of the same section (section Formosae), and D. ellipsophyllum (section Distichophyllum) formed a sister group with this 246 K. Srikulnath, S. Sawasdichai, T. K. Jantapanon, P. Pongtongkam and S. Peyachoknagul Table 3 . Nucleotide sequence divergence (p-distance) across 925 bp in rDNA-ITS region for Dendrobium spp. with Vanda hookeriana as the outgroup.
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K. Srikulnath, S. Sawasdichai, T. K. Jantapanon, P. Pongtongkam and S. Peyachoknagul section. The remaining thirteen Dendrobium species equivalent to cluster I of the matK tree were grouped into clade II. For further consideration of the phylogenetic tree reconstructed in Figure 3 , Dendrobium spp. in clades I could be separated into 2 subgroups: g1 and g2, and clade II became g3. g3, which was located in clade II, comprised almost all species of section Dendrobium, one species of section Breviflores (D. hercoglossum), and one species of section Pedilonum (D. cumulatum). Almost all species in section Formosae and D. ellipsophyllum in section Distichophyllum were clustered into g2, and the remaining species were categorized into g1.
Discussion
Molecular systematics in plants using the matK gene and rDNA ITS has been widely conducted to determine genetic diversity and perform species identification (Chaw et al., 2005; Ren et al., 2010; van den Berg et al., 2005; Xiang et al., 2011) . The present study provided the first molecular phylogeny of 27 native Dendrobium species in Thailand, which were classified into 9 sections, Breviflores, Callista, Dendrobium, Distichophyllum, Formosae, Pedilonum, Rhopalanthe, Stachyobium, and Strongyle. The phylogenetic relationships of five medicinal Dendrobium plants were reconstructed from matK gene sequences, which successfully differentiated each species from the others (Asahina et al., 2010) . Similarly, phylogenetic analyses derived from variation of matK gene sequences were performed to elucidate the relationships of 32 Dendrobium species in Australia (Yukawa et al., 2000) . These findings collectively suggest that matK gene sequences are a powerful classification approach in Dendrobium plants. In this study, 27 native Dendrobium species were separated into six clusters based on the matK gene (Fig. 1) . However, some species were not categorized into their sections previously assigned by Seidenfaden (1985) . The Dendrobium species from section Callista (D. palpebrae and D. lindleyi) were not clustered in the same group. Moreover, D. formosum (section Formosae) was closely related to D. crumenatum (section Rhopalanthe), whereas D. albosanguineum (section 
Dendrobium) was closely related to D. infundibulum (section Formosae).
By contrast, D. infundibulum from section Formosae was grouped as a monophyletic group with the others from the same section of Formosae in the rDNA ITS phylogram (Fig. 2) . The basal node of the matK gene phylogram that categorized the 27 native Dendrobium species into six clusters exhibited partially resolved polytomous characteristics, as also seen in the work of Yukawa et al. (2000) , while the basal position of the rDNA ITS phylogram was fully resolved into 2 clades, indicating the more powerful resolution of rDNA ITS in Dendrobium spp. The combination of multiple markers can provide a more reliable tool for phylogenetic analysis than single-marker analysis (Hillis et al., 1996) . Our present results of the combined matK-rDNA ITS tree topologies were highly similar to those of the rDNA ITS tree. This suggests that rDNA ITS sequences are more effective than matK gene sequences and can be used alone to study genetic relationships in Dendrobium spp. Farrington et al. (2009) suggested that matK gene sequences are less informative and not suitable for discrimination below the subgeneric level. By contrast, rDNA ITS sequences containing the internally transcribed spacers 1 and 2 and the 5.8S rRNA gene are highly variable . Therefore, the use of rDNA ITS provides a potential approach to delineate the evolutionary relationships in Dendrobium.
A character-based DNA sequencing approach has been comprehensively approved as a tool for species identification of an individual plant by comparing its DNA sequence against diagnostic characteristics from a set of known species. In our study, the mean level of interspecific (or intragenus Dendrobium) nucleotide divergence of the 27 native Dendrobium were 1.3% and 11.2% for the matK gene and rDNA ITS, respectively. The outgroup, V. hookeriana, displayed large genetic distances from other taxa of over 5% for the matK gene and 21% for rDNA ITS. In orchids, comparisons of sequence divergence have been reported for many species. The genetic distance of intraspecific variation of the genus Holcoglossum is about 0.03% for both the matK gene and rDNA ITS, while those of interspecific variation are 0.81% for the matK gene and 1.35% for rDNA ITS (Xiang et al., 2011) . By contrast, the sequence divergence of congeneric variation found in Dendrobium in Taiwan is between 6 and 28% (mean = 20%) for rDNA ITS (Tsai et al., 2004) . In land-based plants, the levels of sequence divergence between species appear to be 1.13% and 5.7% in the matK gene and ITS1, respectively (Kress and Erickson, 2007) . These findings suggest that a high level of genetic variation On the basis of the sequence distance of our molecular data, it is strongly indicated that the 27 Dendrobium spp. could form three major groups: g1 (seven sections), g2 (5 species of section Formosae and one Distichophyllum), and g3 (11 species of section Dendrobium and one each from sections Breviflores and Pedilonum) (Fig. 3) . Considering the sequence divergence within a section, the mean level of intrasection nucleotide divergence of section Formosae were 1.1% and 6.9% for the matK gene and rDNA ITS, respectively; those of section Dendrobium were 0.9% for the matK gene and 9.1% for rDNA ITS. However, the average level of sequence divergence within g1, g2, and g3 were 1.6%, 0.9%, and 0.8% for the matK gene and 13.6%, 4.8%, and 8.3% for rDNA ITS, respectively. It is likely that the average level of sequence divergence within g2 and g3, which contained more than one section, were lower than those of intrasection divergence. Dendrobium albosanguineum (section Dendrobium) and D. formosum (section Formosae) were not clustered in the same group as others in their sections. Dendrobium albosanguineum (g1, section Dendrobium) had mean level of divergence with g3 of about 1.3% for the matK gene and 14% for rDNA ITS, while D. formosum (g1, section Formosae) had mean level of divergence with g2 of about 1.6% for the matK gene and 14.7% for rDNA ITS. These results led us to predict that the intrasection sequence divergence in the genus Dendrobium in Thailand might be about 1% for the matK gene and 10% for rDNA ITS. This suggests that the taxonomic sections of the two species should be extensively reconsidered.
The cluster analysis and sequence divergence in this study do not completely support the morphological classification of these nine sections (Seidenfaden, 1985) . However, differences between classical and molecular approaches were also reported in studies of Dendrobium spp. found in Taiwan (Tsai et al., 2004) and China (Yuan et al., 2009 ). The orchids of sections Breviflores and Pedilonum were placed in the same cluster as section Dendrobium (cluster I in Fig. 1 and clade II in Figs. 2 and 3 ) in all analyses, suggesting that these orchids are closely related species. According to the morphological classification (Seidenfaden, 1985) , these three orchid sections also share a lot of character- Fig. 3 . A Bayesian phylogram clarifying the phylogenetic relationship among Dendrobium species in Thailand constructed using combined matK-rDNA ITS sequences. The names of sections are shown in parentheses. The 50% majority-rule consensus of post-burn-in sample trees from the Bayesian inference (BI) based on GTR+I+G, AIC model is shown. Branch lengths were mean estimated. Bootstrap values from 1000 replications were employed for maximum likelihood (ML). The first value at the nodes represents the probability value for BI and the second one is the bootstrap value for ML.
Hort. J. 84 (3): 243-252. 2015. 251 istics and recently diverged from a common ancestor. However, the addition of more species in the analysis is desired for future work to construct the precise molecular phylogeny and genetic relationships.
